Sarcopenia and frailty are recognized as key risk factors for adverse outcomes in patients on renal replacement therapy or with non-dialysis chronic kidney disease (CKD). However, there is still debate about their pathogenesis and, thus, about the best therapeutic approaches, as well as the impact on outcomes of current approaches based on different exercise programmes. In the past two issues of Clinical Kidney Journal, several manuscripts address the issue of sarcopenia in CKD from the point of view of pathogenesis and new therapeutic approaches, monitoring of results, implementation of exercise programmes and specific potential benefits of exercise programmes in dialysis and non-dialysis CKD patients, as assessed by clinical trials.
The frailty syndrome has been defined as the presence of three or more of the following criteria: unintentional weight loss, selfreported exhaustion, weakness, slow walking speed and low physical activity [1] . Frailty is associated with high mortality [1] . The prevalence of frailty is much higher in dialysis-dependent chronic kidney disease (CKD) patients than in the older adult population (60 versus 11% in one study) [2] . Even among nondialysis CKD patients, a whopping 81% reported excessive tiredness [3] . There are several frailty scores associated to markers of inflammation, hospitalization and protein-energy wasting [4, 5] . Sarcopenia is a clinical correlate of frailty, which is common in CKD and is associated with lower quality of life and physical functioning, as well as with an increased risk of major adverse cardiovascular events and mortality. Sarcopenia may be associated with bone disease (osteosarcopenia). In recent issues of Clinical Kidney Journal (ckj), several manuscripts address the issue of sarcopenia in CKD from the point of view of pathogenesis [6] , monitoring and its clinical significance [7, 8] , implementation and impact of exercise programmes [7, 9] and specific potential benefits of exercise programmes in dialysis and non-dialysis CKD patients, as assessed by clinical trials [10, 11] .
A better understanding of the pathogenesis of sarcopenia and, specifically, of CKD-associated sarcopenia may facilitate the development of novel therapeutic approaches. Recent advances have focused on skeletal muscle renewal, the role of mitochondrial pathophysiology and exercise mimetics. Skeletal muscle progenitor cells are termed satellite cells and provide new nuclei to myofibres, thus contributing to increase and maintain muscle mass. O'Sullivan et al. [6] review the impact of CKD on satellite cells and the contribution of these cells to the altered myogenic response to exercise.
An acquired mitochondrial myopathy has being described in CKD [12] . Multiple abnormalities of mitochondrial structure, function and composition are present in experimental and clinical CKD. Skeletal muscle biopsies from patients with advanced CKD show lower mitochondrial volume density and mitochondrial DNA copy number than controls. In mice, CKD induces autophagy and mitochondria dysfunction in skeletal muscle. Muscle overloading to mimick resistance exercise increased mitochondrial copy number, and reversed the CKDinduced decrease in the master regulator of mitochondrial biogenesis peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-1a) [13] . Both skeletal muscle and kidney PGC-1a are downregulated by inflammatory mediators such as TNF-like weak inducer of apoptosis (TWEAK), contributing to sarcopenia and kidney injury, respectively [14, 15] . Interestingly, outside the CKD context, the beneficial effect of exercise on PGC-1a may be mediated by modulation of TWEAK [16] . In this regard, CKD is a pro-inflammatory state and anti-inflammatory strategies may be explored to reverse sarcopenia [17] .
Based on an improved understanding of pathogenesis, one therapeutic approach being explored for sarcopenia is the use of exercise mimetics, drug treatments that may result in similar molecular adaptations to those elicited by exercise [18] . Recent reports have addressed whether microRNA, such as the miR23a/miR-27a cluster, may be used as exercise mimetics for muscle wasting in CKD [18] . The beneficial effect was associated with improvements in proteolysis, muscle regeneration and inflammatory cytokines. However, miR-23a also maintains mitochondrial integrity, although dosing considerations may be important, as it also suppresses PGC-1a [19, 20] .
Gollie et al. [7] review the available tools to monitor skeletal muscle composition and function in the CKD context. Specifically, they review the strengths and limitations of dualenergy X-ray absorptiometry and bioelectrical impedance to estimate body composition and of proxy measures of skeletal muscle quality using ultrasound. Another approach is the analysis of self-reported measures. Clarke et al. [8] report that the self-reported measures of physical performance Duke Activity Status Index (physical function) and General Practice Physical Activity Questionnaire (habitual activity regarding walking behaviour) were independently associated with survival in non-dialysis CKD [8] . These measures could be added to the use of imaging or more conventional studies [21] .
Finally, several recent ckj manuscripts address therapy for sarcopenia and frailty, and randomized clinical trials (RCTs) addressing this issue. A 2015 systematic review on the effects of exercise in CKD patients concluded that most RCTs included small samples, were of short duration and applied aerobic exercises. The strongest evidence was for the effects of aerobic exercise on improving physical fitness, muscular strength and quality of life in dialysis patients, but the evidence base was missing for non-dialysis CKD [22] . A more recent 2018 systematic review and meta-analysis disclosed favourable effects of aerobic exercise on estimated glomerular filtration rate (eGFR) and exercise tolerance, following an on average 35-week aerobic training programme when compared with standard care in CKD G3-4 [23] . Despite this, Gollie et al. [7] review evidence that progressive resistance exercise improves skeletal muscle mass and strength and health-related quality of life and report that most evidence still derives from end-stage renal disease studies and limited evidence is available in earlier stages of CKD [7] .
One of the issues of exercise programmes is implementation. Staff knowledge, patient motivation and equipment problems had been identified as barriers to exercise on dialysis. An increase in the uptake of exercise on dialysis from 23% to 74% was achieved by an intervention focused on patient and nursing staff education, equipment modification and patient motivation schemes [24] . More recently, Young et al. [9] identified patient and staff barriers to intradialytic exercise implementation through a quality improvement project focused on interventions designed to increase patient and staff engagement based on the Theoretical Domains Framework, using a series of 'Plan, Do, Study, Act' cycles. Patient participation dropped to 48% and adherence to 63% by 12 months. Only patients that completed the programme benefited from it, displaying significant improvements in functional ability and a reduction in depression [9] .
Only RCTs will provide the required level of evidence to influence clinical practice. Aragoncillo et al. [10] describe the PHYSICALFAV RCT (NCT03213756) that will evaluate the usefulness of preoperative isometric exercise for 8 weeks in pre-dialysis or dialysis patients on a main endpoint of rate of primary failure of a new arteriovenous fistula. This study addresses a key point in need of clarification as identified by recent vascular access guidelines [25] . Wilkinson et al. [11] report that 12 weeks (3 times/week) of supervised aerobic exercise alone or in combination with resistance training in non-dialysis CKD patients resulted in a reduction in the total number of health-related quality of life symptoms reported by 17%. Aerobic exercise reduced the frequency of 'shortness of breath', and the intrusiveness of 'sleep disturbance', 'loss of muscular strength/power', 'muscle spasm/stiffness' and 'restless legs'. The addition of resistance exercise further decreased 'loss of muscular strength/power'. No changes were seen in subjective physical function or physical activity levels.
This information adds to recent RCTs in dialysis or nondialysis patients. In patients with Stage 3 CKD, randomization to 16 weeks of supervised moderate-intensity aerobic exercise three times per week led to a mild improvement in VO 2 peak, but did not induce changes in high density lipoprotein (HDL) particle size or favourable lipid profile modifications [26] . In another RCT in non-dialysis CKD patients, the addition of resistance exercise to aerobic exercise conferred greater increases in muscle mass and strength than aerobic exercise alone [27] . In 111 patients with moderate-to-severe CKD, the combination of 4-month dietary calorie restriction and aerobic exercise had significant, albeit clinically modest, benefits on body weight, fat Drawn based on information from Refs [6] [7] [8] [9] [10] [11] . DXA, dual-energy X-ray absorptiometry.
mass and markers of oxidative stress and inflammatory response [28] . A 14-week intradialytic training programme induced significant improvements on physical performance. However, the rate of clinically meaningful responders was low and the level of responsiveness depended on baseline physical status, highlighting the need to individualize exercise prescription [29] .
In summary, there is increasing interest in actively addressing sarcopenia and frailty. However, clinical success will depend on identifying novel avenues of therapy through a better understanding of pathogenic pathways, optimizing the tools to monitor the impact of therapy, individuating the therapeutic approaches, including the optimal dose and combination of different exercise modalities, and addressing barriers to implementation in both healthcare staff and patients (Figure 1 ).
